Cumulus cells of the oocyte play important roles in in vitro maturation and subsequent development. One of the routes by which the factors are transmitted from cumulus cells to the oocyte is gap junctional communication (GJC). The function of cumulus cells in in vitro maturation of porcine oocytes was investigated by using a gap junction inhibitor, heptanol. Cumulusoocyte complexes (COCs) were collected from the ovaries of slaughtered gilts by aspiration. After selection of COCs with intact cumulus cell layers and uniform cytoplasm, they were cultured in a medium with 0, 1, 5, or 10 mM of heptanol for 48 h. After culture in vitro, one group of oocytes was assessed for nuclear maturation and glutathione (GSH) content, and another group was assigned to in vitro fertilization and assessed for the penetrability of oocytes and the degree of progression to male pronuclei (MPN) of penetrated spermatozoa.
INTRODUCTION
Cumulus cells play important roles in in vitro maturation and subsequent development of the oocyte. The ability of the oocyte to form male pronuclei (MPN) after sperm penetration strongly depends on the presence of cumulus cells during maturation [1] [2] [3] [4] [5] and fertilization [6, 7] . One of the routes by which the cumulus cells transmit the factors to the oocyte is gap junctional communication (GJC) [8, 9] . Low molecular substrates (Ͻ1000 M r ) such as ions, nucleotides, and amino acids can also traverse from cumulus cells to the oocyte via GJC [10, 11] . A significant relationship between MPN formation and glutathione (GSH) content in the oocyte has been reported [12, 13] . GSH is synthesized from glutamine and cysteine in the cell. Since direct supplementation of GSH to a maturation medium can not promote MPN formation [14] , it has been thought that exogenous substances of GSH are essential for the synthesis of GSH in the oocyte [14, 15] . Since the GSH content of an oocyte is highly correlated with the presence of cumulus cells [15] [16] [17] , GJC is thought to contribute to the increase in GSH content in the oocyte through transportation of GSH (M r 307.33) or its substrates, cysteine (M r 121. 16 ) and glutamine (M r 146.15).
Cumulus cells have been removed to void their effect on the maturation of an oocyte. However, the removal of cumulus cells during maturation induces a premature migration of cortical granules, leading to an increase in exocytotic events and a decrease in penetrability compared with those in cumulus-enclosed oocytes [18] . Also, the presence of cumulus cells affects the penetrability of spermatozoa because the expanded cumulus cell mass induces an acrosome reaction and promotes penetration into the oocyte [19] .
Heptanol, a seven-carbon alcohol, reduces gap junctional coupling between cumulus cells and the oocyte [20] and is a possible alternative for inhibiting the function of cumulus cells in the maturation of the oocyte without their removal. Coskun and Lin [9] showed that transforming growth factor ␣ induced signaling from cumulus cells to the oocyte via the gap junction by using heptanol. However, there has been no report on the effect of heptanol on penetrability and subsequent MPN formation.
The present study was designed to clarify the roles of GJC between the oocyte and cumulus cells in nuclear maturation, penetration of spermatozoa, and formation of the MPN of the oocyte cultured in vitro by using heptanol instead of removing the cumulus cells.
MATERIALS AND METHODS

Medium
The medium used in the handling of oocytes and spermatozoa was M2 [21] . The basic culture medium used for the maturation of oocytes was tissue culture medium (TCM)-199 supplemented with 25 mM Hepes and 26.2 mM sodium hydrogen-carbonate (pH 7.4). After in vitro fertilization in Brackett and Oliphant (BO) solution [22] , oocytes were cultured in NCSU23 [23] .
Preparation and In Vitro Maturation of Oocytes
Ovaries from prepubertal gilts were collected at a local slaughterhouse and transported to the laboratory within 1 h in a warm 0.85% sterile saline solution. Cumulus-oocyte complexes (COCs) were aspirated from antral follicles 2-5 mm in diameter using an 18-gauge needle fixed to a 5- FIG. 1 . Microphotographs of oocytes fixed after 8 h of coincubation with spermatozoa. Spermatozoa that had penetrated into oocytes and progressed to MPN were classified into 5 stages. In stage 1, spermatozoa fused with the oolemma (arrow), and these spermatozoa stained darker than unfused spermatozoa (arrowhead) (a). In stage 2, the nuclear envelope of the spermatozoa vesiculated at the equatorial segment and started to decondense (b). In stage 3, the nuclear membrane disassembled and the chromatin fully decondensed (arrows) (c). In stage 4, the chromatin started to strand and the nuclear membrane appeared to be absent (arrow) (d). In stage 5, the nuclear membrane reassembled, and the MPN formed (arrow) (e) and expanded and developed (arrow) (f). All photographs were taken at the same magnification. Bar ϭ 5 m.
ml disposable syringe and then pooled in 10-ml test tubes placed in a water bath (37ЊC) for settling. The COCs were collected and washed twice with M2, and only COCs with intact cumulus cell layers and uniform cytoplasm were selected. After COCs were washed with the maturation medium, TCM-199 containing 10 IU/ml hCG, 10 IU/ml eCG, 1 mM L-glutamine, 10% fetal calf serum (Filtron, Brooklyn, NSW, Australia), and 10% pig follicular fluid, 20 COCs were transferred to 200 ml of the maturation medium under mineral oil (M 8410; Sigma Chemical Co., St. Louis, MO) in a 35-mm Petri dish (Falcon 1008; Becton & Dickinson, Lincoln Park, NJ) and cultured in a CO 2 incubator (5% CO 2 in air at 39ЊC) for 42-48 h. The cumulus cells were removed from some of the oocytes by the use of a pipette of narrow bore size (about 100 m) prior to the culture for maturation.
Sperm Preparation and In Vitro Fertilization
The sperm-rich fraction of ejaculate was obtained from a Large White boar using the gloved-hand method and kept overnight at 15ЊC. The COCs were transferred into fertilization medium droplets (90 l) under mineral oil. Semen samples were washed with M2 once and then with BO solution equilibrated in 5% CO 2 in air at 37ЊC. The spermatozoa were then suspended in equilibrated BO solution to a concentration of 2 ϫ 10 6 cells/ml. Ten microliters of the sperm suspension was introduced into the fertilization me- dium containing COCs, and the final concentration of spermatozoa was 2 ϫ 10 5 cells/ml. After 6 h of coincubation, oocytes were transferred to the embryo culture medium, and culturing was continued for a further 2 h.
Assessment of Pronuclear Formation
After the removal of cumulus cells by brief treatment with 0.1% hyaluronidase, oocytes (8 h postinsemination) were fixed with acid-alcohol (ethanol and acetic acid, 3:1, v:v) and stained with 1% aceto-orcein for phase-contrast microscopy. Oocytes with a female pronucleus and 2 polar bodies were considered to have been penetrated by spermatozoa at metaphase II. Spermatozoa that had penetrated into oocytes and progressed to MPN were classified into the following 5 stages (Fig. 1) according to Poccia and Collas [24] : fusion of spermatozoa with the oolemma (stage 1); vesiculation of the sperm nuclear membrane at the equatorial segment and the start of decondensation (stage 2); disassembly of the sperm nuclear membrane and full decondensation of the chromatin (stage 3); commencement of stranding of the sperm chromatin and apparent absence of the nuclear membrane (stage 4); and reassembly of the sperm nuclear membrane and formation, expansion, and development of MPN (stage 5).
Assay of GSH Content in the Oocyte
After 48 h of maturation, the amount of GSH in the oocytes was assayed. Cumulus cells were removed from the oocytes by treatment with 0.1% hyaluronidase and agitation using a narrow-bore pipette. Denuded oocytes were washed twice with PBS containing 1 mg/ml polyvinyl alcohol (P8136; Sigma) (PBS-PVA). Then 20-30 oocytes were put into polypropylene microcentrifuge tubes, and they were washed 3 times with PBS-PVA by centrifugation. After the supernatant was removed, 5 l of distilled water was added to each tube, and the samples were frozen at Ϫ20ЊC. The frozen samples were then thawed at room temperature, and 5 l of 1.25 M phosphoric acid solution was added to each tube. The samples were refrozen for storage at Ϫ20ЊC until use for the assay of GSH content. GSH content was determined by the enzymatic cycling assay according to the method described by Tietze [25] . Each sample was thawed and diluted with 190 l of distilled water, and then transferred to a cuvette (Microcuvettes; Kartell, Milan, Italy). The following solutions were subsequently added to the cuvette: 10 l of 200 IU/ml glutathione reductase (Sigma) and 100 l of 6 mM 5,5-dithiobis (2-nitrobenzonic acid; Sigma). Immediately after the addition of 700 l of 0.33 mg/ml NADPH dissolved in stock buffer (0.2 M sodium phosphate, 10 mM EDTA, pH 7.2), the absorbance was monitored at 412 nm by use of a spectrophotometer (Hitachi U-3210; Tokyo, Japan). Blank solution (900 l of PVA-PBS and 100 l of stock buffer) and GSH (oxidative form of GSH; Wako Pure Chemical Industry, Osaka, Japan) standards were also assayed under the same conditions. The amount of GSH in each sample was determined from these standards. The amount of GSH was calculated as that per 30 oocytes.
Experiment 1
To clarify the effect of heptanol on the GSH content in oocytes, heptanol was supplemented to the maturation medium at a concentration of 1 mM, 5 mM, or 10 mM. At the end of maturation, the amount of GSH in oocytes was measured. The oocytes matured in the medium without heptanol (0 mM) were treated as a control. Oocytes cultured without cumulus cells were also treated as a negative control.
Experiment 2
To clarify the effect of inhibition of GJC during culture on maturation, oocytes matured for 48 h in medium containing 0 mM (control), 1 mM, 5 mM, or 10 mM heptanol were fertilized in vitro; then nuclear maturation of oocytes, sperm penetration, and MPN formation were evaluated.
Experiment 3
To evaluate the significance of GSH in the oocyte for MPN formation, 100 M cysteamine (Sigma) was added to a maturation medium in the presence or absence of 10 mM heptanol; the rate of MPN formation and GSH contents in oocytes were then analyzed.
Statistical Analysis of Data
Data were analyzed for statistically significant differences (P Ͻ 0.05) by Fisher's protected least significant differences (Statview ver.5; Abacus Concepts, Berkeley, CA).
RESULTS
Experiment 1
The amount of GSH in oocytes immediately before culture was 0.231 nmol/30 oocytes, and this amount remained constant until the end of maturation when oocytes were cultured in the absence of heptanol (0.219 nmol/30 oocytes). However, the amount of GSH decreased as the concentration of heptanol added to the medium was increased (0.163 and 0.142 nmol/30 oocytes cultured with 1 and 5 mM heptanol, respectively) (Fig. 2) . The amount of GSH in oocytes cultured in the presence of 10 mM heptanol was (Table  1) , the percentages of oocytes with the most advanced stage of the sperm head (see Fig. 1 ) have been plotted. **, *: Significantly different from 0 mM treatment in each stage at P Ͻ 0.01 and P Ͻ 0.05, respectively. 
Experiment 2
At the end of in vitro maturation, most of the oocytes reached metaphase II in the presence of heptanol at any concentration tested (Table 1) . Cumulus cell expansion and the morphology of oocytes cultured in the medium with heptanol were almost the same as those of the control without heptanol. There was also no difference between the rates of penetrated oocytes cultured in the presence of heptanol at various concentrations (P Ͼ 0.1) ( Table 1) . However, the proportion of oocytes that formed MPN (stage 5) decreased significantly (P Ͻ 0.01) at all concentrations of heptanol tested. Close observation of the morphology of penetrated spermatozoa showed that a higher concentration of heptanol added to the maturation medium resulted in a higher rate of oocytes that had only sperm of stage 1 (P Ͻ 0.01) (Fig. 3) and a higher rate of failure of spermatozoa to degrade their nuclear envelopes (P Ͻ 0.01) (Fig. 4) .
Experiment 3
When 100 M cysteamine was added to the medium, the rate of MPN formation was improved (63% vs. 35% in experiment 2). An effect of cysteamine on MPN formation was observed even if the medium contained 10 mM heptanol, and a significantly higher proportion of oocytes formed MPN (P Ͻ 0.05) ( Table 2 ). The amount of GSH in oocytes cultured with both cysteamine and heptanol (0.277 Ϯ 0.017 pmol/30 oocytes, mean Ϯ SEM from 9 samples in 5 replicates) was the same as that for oocytes cultured with cysteamine only (0.245 Ϯ 0.018 pmol/30 oocytes, mean Ϯ SEM from 4 samples in 3 replicates); and these amounts were significantly higher (P Ͻ 0.05) than the amount in oocytes cultured with heptanol only (0.168 Ϯ 0.016 pmol/30 oocytes, mean Ϯ SEM from 7 samples in 6 replicates).
DISCUSSION
The gap junctional channel is composed of two symmetrical structures: connexons that create an intracellular channel and allow passage of nutrients, ions, and regulatory molecules of less than about 1 kDa between contacting cells [26] . Connexons are composed of a hexamer of membrane proteins, termed connexins, that constitute a large family [27] . Gap junctions are ubiquitous in multicellular organisms and play an important role in the regulation of the proliferation, differentiation, and homeostasis of the cell [28] . In the antral follicle, the oocyte and somatic cells have the communication via gap junctions that is essential for normal oocyte and follicular development [29] . It has been proposed that mural granulosa cells generate a meiosis-arresting substance and transport it to the oocyte through granulosa-cumulus and cumulus-oocyte GJCs [30, 31] . Once the COC becomes separate from the granulosa cells by a reduction in granulosa-cumulus cell coupling [31] [32] [33] [34] [35] or by the isolation of the COC from the follicle [30, 31, 36, 37] , the oocyte undergoes germinal vesicle breakdown. It has been reported that the disruption of GJC between the oocyte and the cumulus cells induces meiotic resumption [11, 38, 39] . On the other hand, Fagbohun and Downs [20] reported that gap junctional coupling between the cumulus cells and the oocyte is necessary to mediate the action of Concanavalin A and FSH, which induce meiotic resumption in the mouse. Other studies have demonstrated that the meiotic resumption precedes loss in GJCs [40, 41] . Considering previous studies, both mural granulosa cells and cumulus cells must take part in the regulation of oocyte maturation by generating inhibitory or stimulatory effects with complex modes. In the present study there were no statistically significant differences from control values in the rates of oocytes that were arrested at germinal vesicle stage or reached metaphase II at the end of culture in the presence of heptanol (Table 1) , and heptanol did not inhibit nuclear maturation. This finding is consistent with the result reported by Coskun and Lin [9] . To elucidate the regulatory action of cumulus cells in mitotic resumption more precisely, the timing of the progression of nuclear maturation of oocytes cultured in the medium with or without heptanol should be investigated.
Fagbohun and Downs [20] reported that 1 mM heptanol reduced gap junctional coupling between oocytes and the cumulus cells by 13%. Gap junction channels are embedded in relatively cholesterol-rich domains of the membrane, and heptanol decreases the gap junctional conductance by decreasing the fluidity of these cholesterol-rich domains [42] . This results in a decrease in probability that gap junction channels will open [42, 43] . Lars Bastiaanse et al. [42] suggested that more heptanol is needed to achieve efficient uncoupling of gap junctions in cholesterol-rich lipid domains. In the present study, a relatively high concentration of heptanol (10 mM) was needed to reduce the amount of GSH to the level in cumulus-free, denuded oocytes (experiment 1). Therefore we used 10 mM heptanol thereafter.
Our results showed that there was no difference between the numbers of spermatozoa that penetrated the oocytes in each of the media and that heptanol does not disturb the penetrability of oocytes. Galeati et al. [18] reported that the removal of cumulus cells during maturation induces a premature migration of cortical granules, leading to an increase in exocytotic events and a decrease in penetrability compared with values in cumulus-enclosed oocytes. In contrast to their experiments, cumulus cells were not removed and only GJC was inhibited in our experiments. Although localization of the cortical granules was not investigated in the present study, it was thought that heptanol did not induce the premature migration of cortical granules in the oocytes because there was no difference from the control in the proportion of penetrated oocytes and the mean number of penetrated spermatozoa.
In contrast to the penetrability of oocytes, heptanol influenced the oocyte's ability to shed the nuclear envelope of spermatozoa. Many spermatozoa that penetrated into the heptanol-treated oocytes were arrested at stage 1, and significantly more spermatozoa failed to proceed to stages 4-5. According to observations in the hamster by Usui and Yanagimachi [44] , nuclear envelope removal and the subsequent chromatin decondensation are under different ooplasmic regulations. If this is the case in porcine oocytes, the oocytes treated with heptanol might lack the ability to remove the nuclear envelope, because the stage 1 spermatozoa seemed to fuse with oolemma but failed to proceed to the next step. Berrios and Bedford [45] and Szollosi et al. [46] also reported that the nuclear envelopes of spermatozoa that had penetrated into immature oocytes remained intact. It is likely that mammalian oocytes obtain the ability to break down the sperm nuclear envelope during cytoplasmic maturation. Therefore, the arrest of spermatozoa at stage 1 may be related to the lower ability of the oocyte to remove the nuclear envelope, and it is possible that the function of cumulus cells via GJC should be involved in the development of this ability.
Porcine follicular oocytes and cumulus cells cultured in vitro have GJC during the first 24-32 h of culture [47] , and the factors related to cytoplasmic maturation might be transported from cumulus cells to the oocyte in this duration. These factors were not determined in the present study, but GSH may be a candidate, because our study showed that heptanol added to the medium decreased the GSH content in oocytes and inhibited the formation of MPNs. Yoshida [13] also reported the significance of GSH in oocytes during the initial and mid phases of maturation for MPN formation. Recently, Yamauchi and Nagai [48] demonstrated that cysteamine increased the content of GSH and promoted MPN formation in cumulus-free oocytes. Consistent with their result, our results showed that cysteamine increased the GSH content and the rate of MPN formation even though the oocyte was treated with 10 mM heptanol. However, the possibility of involvement of other factors, such as intracellular pH and intracellular [Ca] , that are regulated via GJC cannot be excluded.
In summary, this study showed that heptanol, a gap junction inhibitor, is a useful reagent for investigating the function of cumulus cells during oocyte maturation without disturbing the penetrability of oocytes. The GJC between the oocyte and the cumulus cell is thought to play an important role in regulating ooplasmic factor(s) involved in the removal of sperm nuclear envelopes as well as in GSH transportation.
